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Abstract— Objective: The goal of the current study was to
determine whether and how much the stabilizing role of the
shoulder muscles changes as a function of humeral elevation
and the plane of elevation. Methods: A musculoskeletal model,
comprising a personalized scapulohumeral rhythm, was used
to calculate the ratio of shear over compressive force (stability
ratio) of three rotator cuff muscles (supraspinatus, infraspinatus,
subscapularis) and three superficial shoulder muscles (middle
deltoid, clavicular part of pectoralis major, latissimus dorsi)
during abduction, flexion and reaching movements in ten healthy
adults. Results: The range of the stability ratios was [±0.5] for
the rotator cuff muscles compared to [+5,−2] for the superficial
shoulder muscles. In the superior-inferior direction, the stability
ratios of all muscles changed with humeral elevation and for
infraspinatus, subscapularis, latissimus dorsi and deltoid also
with the plane of elevation. In the anterior-posterior direction,
the stability ratios of all muscles changed with humeral elevation,
except for the deltoid, and with the plane of elevation, except for
the supraspinatus, with interaction effects in all muscles. Con-
clusion: The rotator cuff muscles provide greater compression
than shear forces during all tasks. The stabilizing function of
the superficial shoulder muscles examined in this study varies
during tasks. Significance: The findings can be used to predict
in which movements the shoulder joint becomes more unstable
and can be applied to understand how shear and compressive
forces change in populations with abnormal shoulder motion.
Index Terms—Glenohumeral stability, Musculoskeletal model-
ing, Upper limb biomechanics.
I. INTRODUCTION
THE relative movement between upper arm and thorax inthe human shoulder is accomplished through the com-
bined degrees of freedom of the joints forming the shoulder
girdle and the glenohumeral joint, and by the gliding of the
scapula over the scapulothoracic plane [1]. A disadvantage of
this complex mechanism is that it causes the shoulder and the
glenohumeral joint in particular to be inherently unstable [2].
This unstable nature, combined with the fact that the shoul-
der joint is used intensively in a wide range of daily life tasks,
makes the joint susceptible to overuse injuries such as rotator
cuff tears and arthritis [2], [3], [4]. Epidemiological estimates,
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accounting shoulder injuries for as much as 16% of all mus-
culoskeletal complaints, reflect this vulnerability [4]. Mobility
of the humerus is achieved by the action of the superficial
shoulder muscles and is extended through scapular motion
[5]. The scapula rotates laterally along with the humerus in
an approximate 2:1 ratio starting at about 30◦ of humeral
elevation in the coronal plane, which allows orienting the
glenohumeral joint surface in the direction of movement [1],
[6]. The combined rotations of humerus, clavicle and scapula
during humeral elevation follow a regular pattern within and
between individuals [7], known as the scapulohumeral rhythm
[8]. As a result of these rotations the muscles’ lines of action
and the forces across the joint change during arm elevation.
Estimation of these forces is important to understand how
the stability of the glenohumeral joint is affected by the type of
movement. In the non-pathological shoulder, active stability is
achieved by the compressive forces of the rotator cuff muscles,
which act to mantain the head of the humerus firmly in contact
with the glenoid cavity [9]. The small moment arms and
short fibre lengths of the rotator cuff muscles enable them
to produce a rapid force over a small change in muscle length
[10]. Although these properties are evidence of a stabilizing
role, the functional role of individual rotator cuff muscles
during movement can be more difficult to establish [11],
[12], [13] and should always be seen in the context of the
kinematics of the movement [11], [14]. Moreover, several
superficial shoulder muscles such as deltoid, latissimus dorsi
and pectoralis exert shear and compressive forces, which can
also affect joint stability [15] and might help preserve function
in the event of rotator cuff tears [16]. A deeper understanding
of the rotator cuff and superficial muscles’ functional role can
therefore help to further comprehend the possible causes of
pathological shoulder mobility.
In order to approach this problem it is useful to study the
individual muscles’ contribution to mobility and joint stability.
Glenohumeral joint stability can be described through the
resultant of the compressive and shear muscle forces. The
stability ratio has been defined as the ratio between the shear
and compressive components of the muscle force with respect
to the joint surface and can be seen as a measure of the
stabilizing potential of the muscle [2], [17]. Stability ratios
of the rotator cuff and superficial shoulder muscles have been
reported in cadaveric studies during movements imposed on
the body segments by the experimenters [17], [18]. However
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2these cadaver studies have limited validity and application to in
vivo kinematics. Additionally electromyographic studies have
examined phasic activity of the shoulder muscles [11], [12]
but cannot shed light on the changes in stability ratio during
a movement.
Musculoskeletal models, on the other hand, allow investi-
gating movements in vivo while taking muscle activity into
account [19], [20], [21]. In this way it has been shown
that supraspinatus, infraspinatus and subscapularis contributed
little to the glenohumeral abduction torque and presented low
stability ratios during humeral abduction in the scapular plane
[22]. However complex movements have not been considered
yet and it is therefore not clear whether and how the rotator
cuff and superficial muscles’ functional roles depend on the
plane of elevation or how their stabilizing potential varies with
increasing reaching distance. The aim of the current study was
to determine whether and how much the stabilizing role of
the shoulder muscles changes depending on humeral elevation
and the plane of elevation, represented by the type of task. A
musculoskeletal model was used to calculate the stability ratios
of the main rotator cuff muscles and selected superficial shoul-
der muscles during abduction, flexion and reaching. It was
hypothesized that the stability ratio of the rotator cuff muscles
would remain unaffected by changes in humeral elevation and
plane of elevation to provide glenohumeral stability during
the entire range of motion. On the other hand the stability
ratio of the superficial shoulder muscles was hypothesized to
vary as a function of humeral elevation due to the mobilizing
forces exerted by these muscles around the joint but to remain
unaffected by the plane of elevation.
II. METHODS
A. Participants
Healthy participants volunteered for the study (N=10; mean
age 22.5±2.1 ys, mass 67.1±7.7 kg, height 176.3±11.6 cm).
Exclusion criteria were left-hand dominance and current or
past shoulder injuries. All participants were informed about the
procedures of the experiment and signed an informed consent.
The study was approved by the Ethics Board of the Center
of Human Movement Science (University Medical Center
Groningen, the Netherlands, reference: ECB/2016.01.29 1)
and the protocol was in accordance with the declaration of
Helsinki.
B. Procedure
The movement trials consisted of a block of three planar
elevation movements and a block of three reaching tasks per
participant. The order of the blocks and the trials within
the blocks were randomized to control for possible muscle
fatigue. Participants remained seated on a stool without back
support for the full duration of the measurements. During the
planar elevation tasks participants were instructed to elevate
the dominant arm three times consecutively up to the full range
of motion in the coronal (abduction), scapular and sagittal
(forward flexion) plane while keeping the trunk upright, their
elbow extended and moving at comfortable speed. During the
reaching tasks, participants sat in front of a table touching a
TABLE I
LOCATIONS OF MOTION CAPTURE MARKERS
Segment Location on body
Thorax 7th cervical spinous process
10th thoracic spinous process
Xiphoid process of the sternum
Clavicle Jugular notch of clavicle
Acromioclavicular joint
Humerus Lateral epicondyle of the elbow
Medial epicondyle of the elbow
Radius Radial styloid process
Ulna Ulnar styloid process
Hand Head of 3rd metacarpal
start position located in the sagittal plane, with the arm vertical
and the elbow at 90◦. They were then instructed to reach
from this position to a target three times at comfortable speed.
The target’s vertical position was located at one shoulder
height. The target’s horizontal position was located either in
the middle, in front of the participant’s dominant shoulder
using the acromion as reference, or on the ipsilateral or
contralateral side at one shoulder width from the middle.
Shoulder width was defined as the distance between the left
and right acromion.
C. Instrumentation and Data Collection
EMG activity was collected at 1500 Hz using wireless
surface electrodes (Trigno, Delsys Inc., Natick, MS, USA).
EMG electrodes were placed on the upper trapezius, lower
trapezius, serratus anterior and the middle and anterior part
of the deltoid muscles because of their functional role during
upper arm elevation movements. Maximum voluntary isomet-
ric contractions (MVC) were measured beforehand based on
recommendations for the normalization procedures of shoulder
muscle activity [23]. Three MVC trials, each lasting 5 seconds,
were measured with a period of rest in between. Body segment
positions were collected at 100 Hz using a 3 position sensor
motion capture system (Optotrak 3020, Northern Digital Inc.,
Waterloo, ON, Canada). Ten infrared light emitting markers
were placed on superficial bony landmarks of the upper limb
and thorax segments. Three marker clusters, consisting of 3
markers each, were additionally placed on the lateral side of
the upper arm and on the dorsal side of the lower arm to
reconstruct eventual missing wrist and elbow markers. The
marker locations are shown in Table I.
D. Data Treatment
EMG signals were filtered with a 4th order bandpass Butter-
worth filter with cut-off frequencies of 20-450 Hz. The signals
were rectified and smoothed using a root-mean-square filter
with a window of 71 ms. EMGs were normalized using the
maximum value derived from all the isometric MVC trials for
a given muscle.
Cartesian coordinates of the infrared markers were recon-
structed using linear interpolation whenever gaps were present
and used to drive the musculoskeletal model.
3E. Musculoskeletal Model
The OpenSim musculoskeletal modeling software [24], [25]
was used to run a model of the shoulder and the upper
arm. The modified Dynamic Arm Simulator model (DAS3)
was used [26], which is based on the dataset of the Delft
Shoulder and Elbow Model (DSEM) [27] and consists of 7
bone segments and 138 muscle elements (Figure 1). Glenoid
version and inclination were 12◦ (retroversion) and 4◦ (supe-
rior) respectively. The DAS3 model was scaled in OpenSim
to the body dimensions of the participants using motion
capture data and was modified to incorporate a personalized
scapulohumeral rhythm derived from measurements carried
out in this study.
The rotations of clavicle and scapula relative to the thorax
were based on individual measurements of the acromion and of
scapular landmarks using a scapula locator [28]. Individualized
regression equations were then derived to estimate clavicle
and scapular orientation from the humeral elevation angle.
The scapular locator has been shown to be valid [29] and
to have good inter- and intra-observer reliability [30] in the
measurement of scapulohumeral kinematics. In the locator,
three adjustable plastic pins were moved to coincide with the
inferior angle, trigonum spinae and the acromial angle of the
scapula of each participant. Following this, static poses of the
pin positions relative to the thorax coordinate system were
recorded twice at 12 different elevation angles in the coronal
plane, equally spaced between 15◦ and 180◦, measured using a
goniometer. Finally the Y’X’Z’ Euler rotations of the clavicle
and scapula, and Y’X’Y’ Euler rotations of the humerus rela-
tive to the thorax coordinate system were calculated following
ISB recommendations, where the Y axis points upwards, the
X axis lies in the posterior-anterior direction and the Z axis
points to the right side [31]. Rotations were then expressed as
Fig. 1. Dorsolateral view of the geometry of the musculoskeletal model used
in this study.
Fig. 2. The line of action and attachment site of a muscle can be used
to calculate stability ratio and moment arm. Fm: projection of muscle force;
Fshear: shear force component; Fcomp: compressive force component; R: center
of rotation; A: muscle attachment site; dm: moment arm of muscle force.
a second order polynomial function of the humeral elevation
angle for each participant. A regression-based shoulder rhythm
approach based on measurements from a scapular locator has
been found to be a valid representation of bone orientations
[32]. Moreover, personalized scapular kinematic models have
also been shown to be valid at estimating glenohumeral forces
during shoulder abduction and flexion movements [33].
Activations of individual muscles were subsequently es-
timated in OpenSim using a static optimization process.
The muscles individual force components and the resultant
glenohumeral joint force were calculated using the OpenSim
application programming interface in MATLAB (Mathworks
Inc., Natick, MA, USA). There was no stability constraint on
the glenohumeral joint force. The cost function used was the
sum of the squared muscle activation levels [34]:
J =
n∑
m=1
(am)
2 (1)
where n is the number of muscles and am the activation of
muscle m at a discrete time step.
F. Analysis
The scapulohumeral model used in this study was val-
idated by comparing the estimated muscle activations to
the electromyographic (EMG) activities of shoulder muscles
4measured with surface electrodes. Cross-correlation between
estimated and measured EMG activities [35] was performed
beforehand to correct for the electromechanical delay. The
muscle activation signals were compared by calculating the
normalized cross-correlation coefficients at zero lag, between
the model estimates, and the measured EMG activities for
elevations up to 90◦ and above 90◦ [36], [37], [38]. Correlation
coefficients were transformed to Fisher’s z before averaging
across participants to reduce bias [39]. Correlations higher
than 0.5 were considered to indicate agreement between mea-
surements and predictions [40]. The root mean square error
between estimated and measured EMG activities was used
to quantify the absolute error. Additionally, the resultant of
the glenohumeral joint force estimate from the model was
validated by comparing it with the values from the literature
as a function of the humeral elevation angle.
Stability was quantified by means of the stability ratio,
which was defined as the ratio between the shear and compres-
sive components of the muscle force with respect to the joint
surface [2], [17]. A stability ratio between 1 and -1 indicates
that the compressive force component of the muscle is greater
than the shear component, whereas a stability ratio greater than
1 or smaller than -1 indicates that the muscle has a greater
potential to destabilize the joint. The stability ratios were
calculated as a function of the upper arm elevation angle [17].
Stability ratios for each muscle were calculated for the middle
deltoid, clavicular part of the pectoralis major, latissimus dorsi
and for the rotator cuff muscles supraspinatus, infraspinatus
and subscapularis. Teres minor was not included in the analysis
because its line of action is almost exactly aligned with that
of the infraspinatus muscle [18]. The vector pointing from the
distal to the proximal attachment site of each muscle element
identified the muscle’s line of action. The vector was expressed
in the coordinate system of the glenohumeral joint to compute
one compressive and two shear components of the muscle
force. Figure 2 shows the decomposition of muscle force in
shear and compressive components in the superior-inferior
(SI) and anterior-posterior (AP) directions. The stability ratios
along the SI and AP directions were then calculated by taking
the ratio between the shear and compressive force components:
SRSI =
FshearSI
|Fcomp| , SRAP =
FshearAP
|Fcomp| . (2)
G. Statistics
To test the hypothesis concerning the rotator cuff and
superficial shoulder muscles, i.e. whether their stability ratios
were affected by the amount of humeral elevation and plane
of elevation, a multi-factorial repeated-measures ANOVA was
carried out using the stability ratios as dependent variable for
the supraspinatus, infraspinatus, subscapularis, middle deltoid,
pectoralis major and latissimus dorsi muscles. Within-subjects
factors were the humeral elevation, with 6 levels between
15-90◦ spaced at 15◦ intervals, and the type of movement
(associated to the plane of elevation): abduction, abduction
in the scapular plane, forward flexion and reaching to the
ipsilateral, front and contralateral side. The ANOVA (IBM
SPSS Statistics version 23, IBM Corporation, Armonk, NY,
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Fig. 3. Glenohumeral joint force estimated from the current model (thick
black line represents the population mean, the grey band represents ±1 SD)
and from literature data [38], [41], [21], [22] as a function of humeral elevation
during abduction.
USA) was performed in both SI and AP directions with
α = 0.05. Effect size was reported as partial η squared
(η2p). Follow-up planned contrasts were done for the superficial
muscles afterwards.
III. RESULTS
A. Muscle Activity and Glenohumeral Joint Force
High correlations (>0.5) were found between model-
estimated and measured EMG activities in the reaching tasks
for all muscles except for the lower trapezius (Table II).
During the planar elevation movements model estimates also
correlated highly with measured EMG up to 90◦ of humeral
elevation. Similar results were found for the absolute error
between model estimates and measured activity, which was
higher for the elevation movements than for the reaching
tasks (Table III). The resultant of the glenohumeral joint force
estimate was consistent in magnitude and pattern with that of
other studies as seen in Figure 3.
B. Stability Ratio
The values of the stability ratios of the rotator cuff muscles
across the six tasks are shown in Figure 4. Along the SI
direction, the infraspinatus, subscapularis and supraspinatus
muscles provided greater stability throughout the different
tasks, as shown by the low stability ratios in the range [±0.5].
As illustrated by the sign of the stability ratios, shear force
components of infraspinatus and supraspinatus were directed
anteriorly whereas the shear force of the subscapularis was
directed posteriorly. In the SI direction, the shear force com-
ponent of the supraspinatus was directed superiorly whereas
the shear force components of infraspinatus and subscapularis
were both directed inferiorly.
The stability ratios of the infraspinatus muscle in the SI
and AP directions differed significantly across elevations (SI:
F (1.2, 5.8) = 54.4, η2p = 0.92; AP: F (1.2, 6) = 39.6, η
2
p =
0.88; all p ≤ 0.001) and movements (SI: F (5, 25) = 21.3,
5TABLE II
CROSS-CORRELATION COEFFICIENTS BETWEEN MEASURED EMGS AND MODEL ESTIMATES, CORRECTED FOR ELECTROMECHANICAL
DELAY AND TRANSFORMED TO FISHER’S Z. EACH VALUE REPRESENTS THE MEAN ACROSS PARTICIPANTS (N=10).
UT LT SA MD AD
≤ 90◦ >90◦ ≤ 90◦ >90◦ ≤ 90◦ >90◦ ≤ 90◦ >90◦ ≤ 90◦ >90◦
Abduction 0.589 −0.454 0.230 −0.262 0.642 −0.592 0.798 −0.456 0.853 −0.649
Scap Elev 0.545 −0.299 0.334 −0.162 0.639 −0.538 0.826 −0.584 0.840 −0.554
Forw Flex 0.608 −0.195 0.407 −0.174 0.652 −0.594 0.822 −0.614 0.856 −0.473
Reach C 0.491 0.205 0.691 0.916 0.894
Reach F 0.523 0.147 0.719 0.905 0.890
Reach I 0.654 0.021 0.709 0.922 0.872
Conditions: Abduction: regular abduction; Scap Elev: scapular plane elevation; Forw Flex: forward flexion; Reach C: contra-lateral reaching;
Reach F: reaching towards the front; Reach I: Ipsilateral reaching. Muscles: UT: upper trapezius; LT: lower trapezius; SA: serratus anterior;
MD: middle deltoid; AD: anterior deltoid.
TABLE III
ROOT MEAN SQUARE ERROR (AS FRACTION OF MVC; 1 REPRESENTS 100% MVC) BETWEEN MEASURED EMGS AND ESTIMATED
MUSCLE ACTIVITY. EACH VALUE REPRESENTS THE MEAN ACROSS PARTICIPANTS (N=10).
UT LT SA MD AD
≤ 90◦ >90◦ ≤ 90◦ >90◦ ≤ 90◦ >90◦ ≤ 90◦ >90◦ ≤ 90◦ >90◦
Abduction 0.049 0.166 0.045 0.209 0.045 0.161 0.050 0.210 0.030 0.170
Scap Elev 0.047 0.151 0.045 0.186 0.055 0.155 0.048 0.195 0.045 0.175
Forw Flex 0.041 0.148 0.043 0.192 0.047 0.170 0.046 0.177 0.059 0.185
Reach C 0.039 0.013 0.044 0.032 0.061
Reach F 0.040 0.025 0.044 0.033 0.045
Reach I 0.030 0.028 0.044 0.031 0.034
Conditions: Abduction: regular abduction; Scap Elev: scapular plane elevation; Forw Flex: forward flexion; Reach C: contra-lateral reaching;
Reach F: reaching towards the front; Reach I: Ipsilateral reaching. Muscles: UT: upper trapezius; LT: lower trapezius; SA: serratus anterior;
MD: middle deltoid; AD: anterior deltoid.
η2p = 0.81; p<0.001; AP: F (1.2, 6) = 7.3, η
2
p = 0.59;
p = 0.03) with a significant interaction effect between move-
ment and elevation (SI: F (3.1, 15.6) = 15.2, η2p = 0.75;
AP: F (2, 10) = 23.9, η2p = 0.83; all p<0.001). Similarly
for the subscapularis muscle in both SI and AP directions
main effects of elevation (SI: F (1.2, 5.9) = 70.9, η2p = 0.93;
AP: F (1.2, 6) = 57.8, η2p = 0.92; all p<0.001), move-
ment (SI: F (5, 25) = 15.2, η2p = 0.75; AP: F (1.4, 7) =
12.9, η2p = 0.72; all p<0.01) and relative interaction (SI:
F (3.5, 17.5) = 9.0, η2p = 0.64; AP: F (3.4, 16.8) = 5.1,
η2p = 0.5; all p<0.01) were found. For the supraspinatus
muscle a significant main effect was only found for elevation
in both SI and AP directions (SI: F (1.1, 5.6) = 74.5; AP:
F (1.2, 6) = 77.2; all η2p = 0.94; all p<0.001), with an
interaction effect between movement and elevation in the AP
direction only (F (2.3, 11.4) = 21.6, η2p = 0.81; p<0.001).
In contrast to the rotator cuff muscles the stability ratios
of the superficial muscles had a greater range [+5,−2]. In
the SI direction in particular, greater stability ratios were
seen at lower values of humeral elevation and decreased with
increasing elevation (Figure 4). The middle deltoid and pec-
toralis major showed a (positive) superior shear component at
lower levels of humeral elevation, in contrast to the (negative)
inferior shear component of the latissimus dorsi. The stability
ratios of the middle deltoid differed significantly across eleva-
tions in the SI direction only (F (1.1, 5.6) = 43.0, η2p = 0.90;
p = 0.001) and across movements in the SI and AP directions
(SI: F (1.3, 6.6) = 23.0, η2p = 0.82; AP: F (1.4, 7) = 32.2,
η2p = 0.87; all p<0.01) with a significant interaction effect
between movement and elevation in both SI and AP directions
(SI: F (1.9, 9.5) = 8.6, η2p = 0.63; AP: F (2.8, 14.2) = 17.3,
η2p = 0.78; all p<0.01). For the latissimus dorsi muscle
the stability ratios in both SI and AP directions differed
between elevations (SI: F (1.1, 5.5) = 260, η2p = 0.98;
AP: F (1.2, 6) = 9.2, η2p = 0.65; all p<0.02), movements
(SI: F (5, 25) = 14.5, η2p = 0.74; AP: F (1.8, 9) = 40.9,
η2p = 0.89; all p<0.001) and there was an interaction effect
beween movement and elevation (SI: F (3.8, 19.2) = 8.4,
η2p = 0.63; AP: F (2.5, 12.3) = 14.9, η
2
p = 0.75; all
p<0.001). For the pectoralis muscle a significant main effect
was found for elevation in the SI and AP directions (SI:
F (1.3, 6.5) = 63.0, η2p = 0.93; AP: F (1.2, 6.2) = 43.9,
η2p = 0.90; all p<0.001) and for movement in the AP direction
only (F (1.4, 6.9) = 32.3, η2p = 0.87; p = 0.001) with an
interaction effect between movement and elevation in the AP
direction only (F (3.2, 15.9) = 12.2, η2p = 0.71; p<0.001).
Contrasts revealed that for the middle deltoid in the SI
and AP directions the stability ratios in abduction, flexion,
contralateral and front reaching (SI only) were greater than
the mean at different elevations vs. 90◦ elevation (largest
effect sizes: in the SI direction during front reaching at
60◦ F (1, 5) = 87.1, η2p = 0.95 and in the AP direction
during flexion at 15◦ F (1, 5) = 58.1, η2p = 0.92). For
the latissimus dorsi in the SI direction stability ratios were
lower than the mean in all single plane elevation movements,
contralateral and front reaching at different elevations vs. 90◦
elevation whereas in the AP direction differences occurred
in abduction, flexion and contralateral reaching only (largest
6effect sizes: in the SI direction during contralateral reaching at
15◦ F (1, 5) = 54.8, η2p = 0.91 and in the AP direction during
flexion at 15◦ F (1, 5) = 82.0, η2p = 0.94). For the pectoralis
in the SI direction a significant effect was only found for
elevation, with all stability ratios at all elevations greater than
ratios at 90◦ elevation. In the AP direction stability ratios were
greater than the mean at several elevations vs. 90◦ in all single
plane elevation movements, contralateral and front reaching
(largest effect size: during flexion at 15◦ F (1, 5) = 44.6,
η2p = 0.9).
IV. DISCUSSION
The aim of the present study was to determine the stabilizing
role of rotator cuff and selected superficial shoulder muscles
as function of humeral elevation and the plane of humeral
elevation. The stabilizing potential of the rotator cuff muscles
remained high during the movements, with stability ratios
less than 0.5. In the supraspinatus the stability ratio was not
affected by the plane of elevation. In the superficial shoulder
muscles variability in stability ratios was larger within the
movements as a function of humeral elevation and stability
ratios tended to differ with the plane of elevation (between
movements).
A. Validation of the Musculoskeletal Model
Muscle activities estimated by the model and measured
with surface EMG were in agreement up to 90◦ of humeral
elevation. Moreover the resultant glenohumeral joint force was
consistent with the values reported in the literature during
humeral abduction [38], [41], [21], [22]. A discrepancy be-
tween estimated and measured surface EMGs was present for
higher humeral elevation angles, as can be seen by the negative
correlation values in Table II. This effect was caused by the
model’s underestimation of muscle activity at higher levels
of humeral elevation and is consistent with the literature. A
previous study using a similar musculoskeletal model to the
current one found that estimated glenohumeral joint contact
forces started deviating significantly from the measured forces
for arm elevation angles above 90◦ [38]. This underestimation
originates from the way the model calculates muscle activities
by optimally distributing the total load across the muscles. As
elevation exceeds 90◦, the net joint moment decreases [42],
[19] and the model fails to take into account the co-contraction
of antagonistic muscles that keeps the glenohumeral joint
stable at these higher elevation angles. This results in estimated
activation values that are lower than in reality. However, the
stability ratios calculations take into account the lines of action
of the muscles and thus although joint force estimation may
not be correct above 90◦ the forces are scaled by the same
constant and the ratios of the force components are unaffected
by the force magnitude.
B. Glenohumeral Stability
Low shear over compressive force, resulting in stability
ratios less than unity, were found for the rotator cuff muscles
throughout the movements confirming the stabilizing role
of these muscles. Significant changes in the stability ratios,
mainly for infraspinatus and subscapularis, were found as
function of humeral elevation and plane of movement, which
goes against the first part of the hypothesis. However, the
stability ratios of the rotator cuff muscles remained confined
within unity across the movements and the participants, in-
dicating a constant stabilization effect on the glenohumeral
joint. The findings during single plane humeral elevation are
in line with a previous study using data from cadavers, where
stability ratios of the rotator cuff muscles, averaged during the
whole movement, were shown to have similar magnitudes in
abduction and forward flexion [18]. Furthermore they are in
line with the stability ratios found by others during forward
flexion using a musculoskeletal model [22]. For the first
time in this study, stability ratios during reaching tasks were
provided and compared with other movements.
The infraspinatus and subscapularis muscles were found to
contribute to joint stability by means of antagonistic action in
the AP direction around the glenohumeral joint during both
single plane elevation and reaching. In the SI direction the
inferior destabilizing action of infraspinatus and subscapularis
was counteracted by the superior action of the supraspinatus
muscle. Whereas others have questioned the contribution of
rotator cuff co-contraction to glenohumeral stability [43], in
this study it was shown that the stability ratios of infraspinatus
and subscapularis remained less than unity also during com-
plex reaching tasks, which is evidence of a greater compressive
force.
Results showed that the supraspinatus provides gleno-
humeral stability in all movement planes and during dynamic
reaching tasks, as demonstrated by the small ratio of shear
to compressive muscle force in both the superior and anterior
direction. The primary role of the supraspinatus muscle during
humeral elevation either as a glenohumeral stabilizer or as
provider of the humeral elevation moment has been the object
of extensive debate [19], [10], [44], [45], [46]. Based on
these results, no evidence has been found for the variability
in supraspinatus stabilizing function between individuals that
has been proposed by some, based on EMG activity [13].
Moreover the stability ratio did not change with the type of
movement in the SI direction but did change with movement
type and elevation in the AP direction, where the different
anatomical subregions of the muscle have been found to act
differently [47]. However, the stability ratio of the supraspina-
tus muscle in this study was averaged across the multiple
line elements that represented the different four regions of
the supraspinatus muscle model [26]. It is therefore possible
that different anatomical subregions of the supraspinatus could
have even more distinct functions [47].
In the superficial shoulder muscles the stability ratios were
influenced by the amount of elevation, with the exception
of the deltoid in the AP direction, thus mostly confirming
the hypothesis. Moreover, a significant movement main effect
and interaction between elevation and movement were also
found, with the exception of the pectoralis in the SI direction,
contrary to the hypothesis that the plane of elevation, i.e. the
type of movement, would not affect the ratios. The magnitude
of the stability ratios of latissimus and pectoralis muscles is
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(f) Contralateral Reaching
Fig. 4. Stability ratio of each muscle in the anterior-posterior and superior-inferior direction in each of the measured movements, averaged across ten
participants. A lower absolute stability ratio corresponds to a greater potential contribution of that muscle to glenohumeral joint stability. Open symbols
represent rotator cuff muscles. Error bars indicate standard deviation. Muscles: MD: middle deltoid; PEC: clavicular part of pectoralis major; LAT: latissimus
dorsi; SUP: supraspinatus; INF: infraspinatus; SUB: subscapularis.
in line with previous findings [18], as well as that of the
deltoid [22]. In the superior direction, both the middle deltoid,
pectoralis major and latissimus dorsi were characterized by a
high destabilizing potential in the initial phase of elevation,
which decreased as the arm was lifted (Figure 4). As the
movements progressed and the humeral axis became more
perpendicularly oriented to the glenoid cavity, the compressive
force components increased and eventually exceeded the shear
component. Although the middle deltoid and pectoralis are
generally seen as joint mobilizers [19], [48], [13], the current
research demonstrates that the role of these muscles can vary
within and between movements. As can be observed by the
sign of the stability ratio in the SI direction, the shear forces
of the middle deltoid and pectoralis in the superior direction
appear to be counteracted by the inferior shear force of the
latissimus dorsi. On the basis of the contrasts the stability
ratios in all the examined superficial muscles were additionally
found to be influenced by the type of task and level of elevation
in SI, AP direction or both, with greater stability ratios, and
thus greater shear over compressive forces, at lower levels
of elevations. This provides evidence that the stabilizing role
of these superficial shoulder muscles varies with the level of
elevation depending on the movement type.
C. Limitations
The musculoskeletal model used in this study was based on
a single cadaver specimen. It cannot therefore be ruled out
that individual morphological differences might have caused
inaccuracies in the model estimations. In particular, glenoid
version and inclination can vary between participants. The
values of glenoid version and inclination used in the model
are within the anatomical range of the adult population [49].
8Changes in glenoid inclination within its anatomical range
affect the stability ratio by approximately ±10% [50], whereas
increase in glenoid retroversion is associated with decreased
inferior and posterior glenohumeral forces up to a maximum
of 20% approximately [51].
The absence of a glenohumeral force constraint could have
led to an overestimation of the shear over compressive forces,
and thus higher stability ratios, particularly in the earlier phase
of humeral elevation where the shear forces dominate. How-
ever the estimated resultant glenohumeral joint force was well
within the range reported by other studies, and the stability
ratios in abduction agreed with the literature from comparable
models [22]. Concerning the validity of the stability ratio
estimates above 90◦, as mentioned above the calculations of
stability ratio are based only on spatial properties of the model
rather than dynamical muscle properties and are therefore
independent of the magnitude of the estimated muscle force.
Finally, the musculoskeletal model used in this study did
not include proprioceptive feedback. Afferent feedback from
the mechanoreceptors in the rotator cuff muscles is thought
to contribute to glenohumeral stability by eliciting synergistic
reflex activity of the muscles [52]. Although the exact way in
which rotator cuff afferent feedback functions in humans is
still being investigated [53], [54], a comprehensive computa-
tional model should also include proprioceptive mechanisms.
V. CONCLUSION
Results of the current study confirm the functional role of
the rotator cuff muscles as dynamic stabilizers during single
plane elevation movements and reaching tasks. We showed
that the functional role of the examined superficial shoulder
muscles is mostly dependent on the amount of humeral ele-
vation and the type of movement and should therefore always
be considered in the context of the spatial characteristics of
the movement. The findings are useful to predict situations
and movements where the joint becomes more unstable due
to greater shear over compressive forces. Further research
should aim at applying the personalization technique for the
scapulohumeral rhythm described in this study to populations
with abnormal shoulder motion, such as scapular dyskinesia,
to reveal how pathological adaptations can affect glenohumeral
stability.
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